cling solution and recover the desired materials. To use adsorbents in a column, the diameter of the adsorbent must be large to some extent. More specifically, the adsorbent must be granulated. The adsorption of phosphate using granular red mud at a very high sintering temperature has been reported 14 . Phosphate removal using a column 15, 16 and long-term approximately 70 weeks experiments have also been reported 17 .
We have previously reported that powdered aluminum compounds, aluminum oxyhydroxide boehmite, BE , and aluminum hydroxide gibbsite, GB exhibit high phosphate adsorption abilities 18 20 . In addition, powdered cerium hydroxide CE is also known to exhibit a high phosphate adsorption ability. However, the phosphate adsorption abilities of granular BE, GB, and CE have not yet been reported.
In the present study, granulation of GB and CE with ethyl cellulose and ethanol and the subsequent adsorption abilities of granular GB or CE in a column were evaluated.
EXPERIMENTAL PROCEDURES 2.1 Materials
GB GBH-42M was purchased from Showa Denko Tokyo, Japan . The chemical composition of GB is: adhesion moisture 0. 23 , Al OH 3 99.6 , Fe 2 O 3 0.01 , SiO 2 0.01 , Na 2 O 0.33 , and ω-Na 2 O 0.05 . The average particle size, bulk density light , bulk density heavy , and moisture adsorption capacity were 1.1 μm, 0.2 g/cm 3 , 0.5 g/ cm 3 , and 0.90 , respectively. Cerium hydroxide CE was purchased from Wako Pure Chemical Industries Co., Ltd.
Tokyo, Japan . CE included CeO 2 at 80-87 , and was soluble in acidic solutions, but not in alkaline solutions. The binder and solvent used for granulation were ethyl cellulose and ethanol, respectively. Granulated GB GBs I-V with particle sizes of 500-840 μm, was obtained after adding 0.250-0.750 g of ethyl cellulose and 2.250-3.750 mL of ethanol to 4.250-4.750 g of calcined GB at 450 and drying at 110 for 24 h. Granulated CE CEs I-VI with particle sizes of 500-840 μm, was obtained after adding 0.250-1.000 g of ethyl cellulose and 2.00-2.50 mL of ethanol to 4.000-4.750 g of virgin CE and drying at 110 for 3 h Table 1 . The ability of calcined GB at 450 powder, P-GB or virgin CE powder, P-CE to adsorb phosphate has been reported to be higher than that for powdered GBs or CEs 18 .
Phosphate adsorption ability
The phosphate adsorption ability of GBs I-V or CEs I-VI was measured as follows. GBs I-V 0.1 g were added to 50 mL of phosphate solution 107 mg/L and shaken at 100 rpm for 15 h at 25 . The phosphate concentration in the fi ltrate was subsequently measured using a DR/890 Colorimeter Hach Co., Loveland, CO, USA . The amount of phosphate adsorbed was calculated as the difference between the initial concentration and equilibrium concentra-tion. The initial concentration of the phosphate solution was 1,085 mg/L for CEs I-VI 0.5 g ; all other experimental procedures were identical.
Adsorption isotherm
After adding 0.2 g of P-GB and GBII to 20 mL of the phosphate solution 131-1110 mg/L and shaking at 100 rpm for 15 h at 25 , the solution was fi ltrated through a 0.45 μm membrane filter ADVANTEC . The equilibrium concentration was measured using the DR/890. The amount of phosphate adsorbed was calculated as the difference between the initial and final concentrations. For virgin P-CE and CEIII, the initial concentration of the phosphate solution was 138-2020 mg/L; all other experimental procedures were identical.
Adsorption of phosphate in a column
The amount of phosphate adsorbed in a column diameter height: 1.0 cm 10.0 cm was measured as follows Fig. 1 . GBII was fi rst added at a level 3.0 cm above the base of the column. Approximate conditions for the column experiment were as follows: initial concentration of phosphate, 10 mg/L; space velocity S.V. , 25.48 1/h; linear velocity L.V. , 0.76 m/h; fl ow rate, 1 mL/min; and adsorption time, 24 h. The amount of phosphate adsorbed was calculated as the difference between the initial concentration and the concentration released from the column. After adsorption for 24 h, the desorption process was investigated. Sodium hydroxide 2, 10, and 20 mmol/L was used as the desorption solution, and the desorption time was 3 h. The adsorption and desorption experiments were repeated fi ve times. For CEIII, all experimental procedures were identical except for fl ow time 72 h and the concentration of sodium hydroxide as the desorption solution 100, 500 and 1,000 mmol/L . 
RESULTS AND DISCUSSION

Phosphate adsorption ability of GBs I-V and CEs I-VI
The amount of phosphate adsorbed by GBs I-V and CEs I-VI is shown in Fig. 2 . As shown in this fi gure, the amount of phosphate adsorbed by GB decreases with increasing binder concentration, suggesting that the phosphate adsorption site on the GB surface is masked by the binder. GBIII and GBIV collapsed after adsorption. These results indicate that the suitable granular conditions for GB include a binder percentage of 10 and 3.25 mL/5 g of solvent. For CEs I-VI, the amount of phosphate adsorbed by CE also decreases with increasing binder, similar to GBs I-V. However, the amount of phosphate adsorbed by CE does not change when different amounts of ethanol are used during granulation. Moreover, CEV collapsed after adsorption. These results indicate that the suitable granular condition for CE is either the CEIII or CEIV condition. Taking into consideration the cost of granulation, the amount of ethanol used should be minimized. Thus, the suitable granular conditions for CE include a binder percentage of 7.5 and a solvent amount of 2.5 mL/5 g.
Adsorption isotherms
Previous reports have shown that the highest amount of phosphate adsorbed was obtained using calcined GB at 450 P-GB and virgin CE P-CE 18 . The phosphate adsorption isotherms of GB and CE are shown in Fig. 3 . At an equilibrium concentration greater than 300 mg/L, the amount of phosphate adsorbed by P-GB was larger than that adsorbed by GBII. At an equilibrium concentration less than 300 mg/L, the amount of phosphate adsorbed by P-GB and GBII were nearly identical. The phosphate concentration in an aqueous environment is very low, and it was shown that GBII was used in an aqueous environment. In contrast, the amount of phosphate adsorbed was nearly identical between P-CE and CEIII at all equilibrium concentrations. These results indicate that granular GB or CE with ethyl cellulose and ethanol could be used without decreasing their phosphate adsorption abilities. Phosphate adsorption isotherms are reported to approximate the Freundlich or Langmuir equation. Alternatively, adsorption data of various compounds onto adsorbents in the liquid phase are generally in accordance with the Freundlich equation 1 . Therefore, adsorption ability is evaluated by its constants, K and 1/n,
where V is the amount adsorbed mg/g , C is the equilibrium concentration mg/L , and n and K are adsorption constants. Constant 1/n, the slope of the Freundlich linear equation, numerically represents the affi nity of the adsorbent for the adsorbate and constant K, an ordinate intercept, numerically represents the relationship of the adsorbent-adsorbate affi nity to which the volume of adsorbate is added 21 . When constant 1/n is in the range of 0.1-0.5, the adsorbate is considered to be easily adsorbed. On the other hand, if 1/n 2, the adsorption is considered to be difficult 22 . The data shown in Fig. 3 were applied to the Freundlich equation, and constants K and 1/n were calculated Table 2 . As a result, the Freundlich plot is a linear curve with a correlation coeffi cient of 0.843-0.998, suggesting accordance with the Freundlich equation. Therefore, the mechanism by which phosphate is adsorbed onto GB or CE is considered to be a monomolecular adsorption to a heterogeneous surface. Moreover, adsorption data of various compounds onto adsorbents in the liquid phase also are generally in accordance with the Langmuir equation 2 23 . Therefore, adsorption ability is evaluated by its constants, a and k,
where V is amount adsorbed mg/g , C is equilibrium concentration mg/L , and constants k and a are the adsorption equilibrium constant and the saturated amount adsorbed, respectively. The data shown in Fig. 3 were applied to the Langmuir equation, and k and a were calculated Table 2 . As a result, the Langmuir plot shows a linear curve with a correlation coefficient of 0.937-0.980. The constant a of CE is larger than that of GB; that is, the saturated amount of phosphate adsorbed onto CE would be larger. The correlation coeffi cient of the Freundlich equation for phosphate adsorption onto GB or CE is the same as the correlation coeffi cient of the Langmuir equation for them. Since the Freundlich and Langmuir equations are based on monolayer adsorption theory, the adsorption behavior of phosphate onto GB or CE might be monolayer.
Breakthrough curve
The relationship between released concentrations of phosphate and elapsed time in the column with GBII is shown in Fig. 4 , and the recovery percentages of phosphate in the column with GBII are listed in Table 3 . The amount of phosphate adsorbed, amount of phosphate desorbed, and recovery percentage using 2, 10, and 20 mmol/ L sodium hydroxide as the desorption solution were 31.4 mg/g, 25.3 mg/g, and 80.5 ; 30.2 mg/g, 26.6 mg/g, and 88.0 ; and 30.9 mg/g, 27.8 mg/g, and 90.2 , respectively. The recovery percentage of phosphate increases with increased concentrations of sodium hydroxide, suggesting that ion exchange occurs between phosphate and sodium hydroxide and the hydroxyl group is regenerated onto the adsorbent surface. Moreover, the lower concentration of sodium hydroxide could be used for the desorption solution. The fi rst phosphate recovery percentage was 51-71 , and subsequent recovery percentages were identical, suggesting that 2 mmol/L sodium hydroxide could be used for desorption of phosphate. In cases where the recovery percentage was greater than 100 , the released phosphate included previously adsorbed phosphate. When 2 mmol/L sodium hydroxide was used, the released phosphate concentration was approximately 10 of the initial concentration immediately after adsorption and 30 of the initial concentration 24 h after adsorption. After fi ve adsorption and desorption steps, the phosphate adsorption and desorption ability was unchanged, suggesting that GBII could be used as an adsorbent for phosphate removal.
The relationship between the released concentration of phosphate and elapsed time in the column with CEIII is shown in Fig. 5 , and the recovery percentages of phosphate in the column containing CEIII are listed in Table 4 . The amount of phosphate adsorbed, amount of phosphate desorbed, and recovery percentage using 100, 500, and 1,000 mmol/L sodium hydroxide as the desorption solution were 75.0 mg/g, 29.4 mg/g, and 39.2 ; 77.7 mg/g, 57.8 mg/ g, and 74.4 ; and 81.8 mg/g, 68.9 mg/g, and 84.2 , respectively. The recovery percentage of phosphate increases with increasing concentration of sodium hydroxide similar to GBII. Compared to GBII, the amount of phosphate adsorbed by CEIII was two or three times greater, and a similar result was observed in the adsorption isotherms. In an aqueous environment, a lower concentration of sodium hydroxide could be used as the desorption solution. However, at the lower concentration of sodium hydroxide 100 mmol/L , the desorption percentage of phosphate was very low. Sodium hydroxide at a concentration of 500 mmol/L was more suitable for the desorption of phosphate. In cases where the recovery percentage was greater than 100 , the released phosphate included previously adsorbed phosphate as well as that absorbed by GBII. When 500 mmol/L sodium hydroxide was used, the released concentration of phosphate was 0 of the initial concentration immediately after adsorption and approximately 30 of the initial concentration 24 h after adsorption. After fi ve adsorption and desorption steps, the phosphate adsorption and desorption ability was unchanged. Thus, GBII and CEIII could be used for phosphate removal. Desorption of phosphate using GBII and CEIII was suitable at sodium hydroxide concentrations of 2 mmol/L and 500 mmol/L, respectively, suggesting that GBII and CEIII can be used in an aqueous environment.
CONCLUSION
The phosphate adsorption abilities of granular GB or CE, generated using ethyl cellulose and ethanol for granulation, were investigated. The suitable granular conditions for GB include a binder percentage of 10 and an ethanol amount of 3.25 mL/5 g. Moreover, the suitable granular conditions for CE have a binder percentage of 7.5 and an ethanol amount of 2.50 mL/5 g. Compared to phosphate adsorption ability of P-GB or P-CE, the amount of phosphate adsorbed using GBII or CEIII were nearly identical. Granular GB and CE could thus be generated without decreasing their phosphate adsorption abilities.
In a column experiment using GB, the suitable sodium hydroxide concentration, amount of phosphate adsorbed, amount of phosphate desorbed, and recovery percentage were 2 mmol/L, 31.4 mg/g, 25.3 mg/g, and 80.5 , respec- Results further indicate that GBII and CEIII, successfully granulated using ethyl cellulose and ethanol, could be used at least five times in an aqueous environment without loss of adsorption or desorption abilities.
